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Abstract 

A hybrid solar system with high temperature stage is described. The system contains a radiation concentrator, a pho¬ 
tovoltaic solar cell and a heat engine or thermoelectric generator. Two options are discussed, one with a special PV cell 
construction, which uses the heat energy from the part of solar spectrum not absorbed in the semiconductor material of 
the cell; the other with concentration of the whole solar radiation on the PV cell working at high temperature and cou¬ 
pled to the high temperature stage. The possibilities of using semiconductor materials with different band gap values are 
analyzed, as well as of the different thermoelectric materials. The calculations made show that the proposed hybrid sys¬ 
tem could be practical and efficient. 

© 2005 Elsevier Ltd. All rights reserved. 
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1. Introduction 

A key problem in solar cell science and engineering is 
the limited efficiency of solar energy conversion by pho¬ 
tovoltaic cells, which results from the impossibility of an 
efficient utilization of the wide solar spectrum with only 


Corresponding author. Tel.: +52 442 4414 916; fax: +52 442 
4414 916/938. 

E-mail address: vorobiev@qro.cinvestav.mx (Yu. Voro¬ 
biev). 

1 On sabbatical leave from CINVESTAV. 


one semiconductor material. To overcome this problem, 
the combinations of different materials have been consid¬ 
ered (multi-junction cells, see Henry, 1980; Sze, 1981; 
Yamaguchi, 2003), as well as the concept of a special 
material with an intermediate band of electronic levels 
within the band gap (Luque and Marti, 1997, 2001). 
All these devices (both existing and hypothetical ones) 
are very sophisticated and expensive, while their effi¬ 
ciency is still not satisfactory. Theoretical limits of 
photovoltaic conversion efficiency (Landsberg and Bade- 
scu, 1998; Landsberg, 2002) for a multi-junction cell pre¬ 
dicts an efficiency of about 90%, but in practice not even 
half of that value has been obtained. On the other hand, 
the solar energy converters using a high temperature 
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Nomenclature 



E e 

the band gap of semiconductor material 

P 

the temperature coefficient of solar cell effi- 


(eV) 


ciency (KT 1 ) 

K 

the ratio of the efficiency of high tempera- 

K 

the thermal conductivity of thermoelectric 


ture stage (HTS) to that of Carnot cycle 


material (W/Rm) 

M 

optimized ratio of external-to-internal resis- 

p 

the electric resistivity of thermoelectric 


tance for thermoelectric generator 


material (Dm) 

R , r 

external and internal resistances of thermo- 

Z 

percentage of “thermal solar radiation” cor- 


electric generator circuit (fi) 


responding to the condition hv < E g 

T 

temperature (K) 

>1 

efficiency 

T c 

temperature of the cold side of HTS 

7?totA,B 

the total efficiency of hybrid system for cases 

T h 

temperature of the hot side of HTS 


A and B 

A T 

the temperature difference between hot and 

'/o 

the room temperature efficiency of solar cell 


cold sides of HTS 

'/* 

efficiency of solar cell at temperature T h 

T 

J room 

room temperature 

no 

Carnot efficiency 

Tm 

the average temperature of thermoelectric 

0C A 

estimated solar cell efficiency in case A 


generator 

therm 

efficiency of the HTS of hybrid system in 

z 

thermoelectric figure of merit of semicon- 


case A 


ductor material (K _ ) 

'/w 

efficiency of ideal solar cell calculated after 

Z 0 

thermoelectric figure of merit of thermoelec¬ 
tric module (K 1 ) 


C.H. Henry 

a 

the thermo-emf (Zeebeck) coefficient of 
thermoelectric material (V/K) 




stage have promised very high efficiency (thermophoto- 
voltaic or thermophotonic, see Swanson, 1979; Davies 
and Luque, 1994; Tobias and Luque, 2002), but neither 
one of them proved to be practical. 

Here we propose and analyze another system which 
also contains a high temperature stage, but with a dif¬ 
ferent type of converters than those mentioned above, 
being actually a two-stage hybrid device including 
photovoltaic solar cell with the energy flux concentra¬ 
tor combined with a heat-to-electric/mechanic energy 
converter. A non-traditional approach is developed 
based on the utilization of the “thermal part of the 
solar spectrum”. This could be done in two ways: 
one, by separating of the long wave length part of 
the spectrum (not absorbed in a semiconductor mate¬ 
rial of the cell) with its subsequent concentration and 
further conversion using a heat engine or a thermo¬ 
electric generator, and the other, by operating the cell 
at elevated temperatures, and use a heat engine of 
some kind to utilize the excess heat. Our analysis 
shows that this hybrid system in both versions could 
be efficient and practical. 


2. General consideration 

The scheme of the hybrid system discussed is pre¬ 
sented in Fig. 1A and B refer to the two options men- 


SOLAR RADIATION 



\ \ \ 



Fig. 1. Scheme of the hybrid system discussed in the text: PV 
cell operates at low (A) and high (B) temperatures. 


tioned above. It can be seen that the two versions are 
very similar and contain the same basic elements (the 
concentrator “CONC”, photovoltaic cell “PVC”, High 
Temperature Stage “HTS”, and the 2-axis Solar Track¬ 
ing System “STS2”), although the type and construction 
of the cell (and of concentrator) could be different in the 
two cases. Below we discuss the working principles and 
possible parameters of each system. 
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2.1. System with separation of “thermal solar 
radiation” 

It is important that in this version the photovoltaic 
cell operates at low (ambient) temperature (Fig. 1 A). This 
system needs a solar cell which do not absorb or dissipate 
solar radiation with quantum energy hv < E g (“thermal 
solar radiation”), where E g is the material band gap. It 
is shown below that this part could be quite large, espe¬ 
cially for semiconductor materials with relatively wide 
band gap. Thus, in the case of a semiconductor with 
E g = 1.75 eV, approximately 50% of solar radiation cor¬ 
responds to the condition hv > E g , and is suitable for 
photovoltaic conversion, and the other 50%, with 
hv < E g , could be used as thermal energy. In our system, 
this "thermal solar radiation” is concentrated on the hot 
side of the HTS (thus providing its high temperature), 
and is converted to electric energy when HTS is a Ther¬ 
moelectric Generator (TEG), or to mechanic energy by 
heat engine as the HTS (it could be a Stirling Engine 
which has efficiency very close to that of the Carnot cycle, 
see Organ, 1997). It is known that mechanic energy could 
be converted to electricity with an efficiency higher than 
90% which allows having a rather high total energy con¬ 
version coefficient of the hybrid system. 

To calculate the percentage of “thermal solar radia¬ 
tion” as a function of semiconductor band gap, we used 
a simple graphical analysis considering the solar spec¬ 
trum, this method was first introduced by Henry (Henry, 
1980) and now can be found in textbooks (Sze, 1981). 
This method uses a numerical integration method to 
determine the function n ph (E g ), which is the solar flux 
absorbed by a semiconductor, as in Henry’s paper, we 
assume that the semiconductor is opaque for photon 
energies greater than E g and transparent for energies less 
than E g . This flux is given by 

nM= J e <!£\ dha ■ (1) 

The obtained n p \fE g ) function is plotted in Fig. 2; the 
lower curve (squares) for AMI.5 spectrum, and the 
upper one (circles) for AMO. Based on these curves, 
and following the graphical analysis (Henry, 1980), we 
found the percentage £ of “thermal solar radiation”, 
shown by triangles in Fig. 2 (horizontal sides up for 
AMO, down for AM 1.5, right scale). One can see that 
£ varies between 10% and 12% for i?g = 0.8eV and 
78-80% for E g = 2.3 eV. 

The thermal energy part of the solar radiation has to 
supply the HTS (heat engine or TEG); assuming that 
the HTS efficiency is proportional to that of the Carnot 
cycle, with a coefficient K < 1 (the difference K — 1 indi¬ 
cates how close the HTS is to the ideal engine, i.e. 
K = 1. In general, K could be temperature dependent, 
in particular, in the TEG case). Thus, in this part of the 
solar radiation, the energy conversion is characterized by 



Fig. 2. Graphical analysis of the efficiency of an ideal solar cell, 
for AMI.5 and AMO solar spectra (left T-axis) and calculated 
percentage of “thermal” radiation (right T-axis); for the details 
see text. 

Efficiency, j; therm = £ ■ KAT/T h , (2) 

where T h is the temperature of the hot side of the HTS, 
and AT the temperature difference between cold and hot 
sides. 

The solar cells for a hybrid system of this kind have 
yet to be designed and made; however, we do not see any 
fundamental obstacles for that. To estimate the cell effi¬ 
ciency tic a as a function of band gap, we took 0.75 of 
the corresponding cell's ideal efficiency )/ id with non-con- 
centrated radiation (Henry, 1980; Sze, 1981). Consider¬ 
ing that for all well developed cells (based on Ge, 
GaAs, CuInSe 2 ) the best efficiency is well above this 
value, we consider this approximation is reasonable. 
The corresponding values (t/ca = 0.75j/ id ) for the 
AM 1.5 irradiation are shown in Fig. 3 A by squares 
(lower curve). The upper curve in this figure (circles) 
gives the total system efficiency: 

htotA = IcA + 4therm = OcA + Z ' KAT/Th. (3) 

For our calculations we used K = 0.8 and AT = 300 K; 
one could see that the total efficiency could exceed 40%. 

Fig. 3B presents similar data calculated for the AMO 
spectrum (cosmic conditions, non-concentrated cell illu¬ 
mination). Following the same graphical procedure 
(Henry, 1980; Sze, 1981), we calculated the ideal PV cell 
efficiency as a function of the band gap; the obtained 
values multiplied by 0.75 are shown for each E g in 
Fig. 3B by squares (lower curve). The total efficiency ob¬ 
tained by adding ip helm (2) is shown by triangles (upper 
curve). The intermediate curves in Fig. 3A and B refer to 
the TEG as the HTS, and is explained. 

2.2. System without the solar spectrum division, 
the PV cell operates at high temperature (Fig. IB) 

This system is more straightforward than the one 
discussed previously; the conditions for the PV cell 
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Fig. 3. (A) Calculated ideal solar cell efficiency vs. band 
gap x 0.75 (squares), and the total hybrid system efficiency for 
non-concentrated cell irradiated with AM 1.5 conditions (trian¬ 
gles—TEG, circles—heat engine) and (B) calculated ideal solar 
cell efficiency vs. band gap x 0.75 (squares), and the total hybrid 
system efficiency for non-concentrated cell irradiated with AMO 
conditions (triangles—heat engine, circles—TEG). 

performance are not quite favorable here, but the sys¬ 
tem, in principle could be constructed using the elements 
which already exist, although the lifetime of the PV cell 
in question needs special study. The cell is subjected to 
concentrated sunlight, which usually enhances its effi¬ 
ciency; the thermal flux through the cell is directed into 
the HTS by direct thermal contact, thus the working 
temperature of the cell is equal to the T h parameter of 
the HTS. 

The limiting theoretical efficiency of an ideal system 
of this kind has been analyzed in the literature (Luque 
and Marti, 1999), with the conclusion that the efficiency 
is strictly equivalent to the efficiency of the photovoltaic 
systems, and in the limiting case in which the system in¬ 
volves an infinite numbers of band gaps, it will be 86.8%. 
Below, we present realistic estimations of the expected 


system efficiency. For the calculation, two types of cells 
with relatively high (but not the record) efficiency are 
considered: a GaAs single junction cell (Algora et al., 
2001) with room temperature efficiency (;; 0 ) of 24%, 
and multi-junction GaAs-based cell with corresponding 
efficiency of 30% (Yamaguchi, 2003). Both values refer 
to a solar radiation concentration of approximately 50 
times which is sufficient to achieve the cell temperature 
higher than 450 K. 

The temperature dependence of cell efficiency iff T) is 
assumed linear with the coefficient fi = (d)//dT)/;y equal 
to —2.7 10 -3 KT 1 (Nann and Emery, 1992); for the tem¬ 
perature of 450 K the values if = 14.3% for single junc¬ 
tion (SJ) cell, and 17.8% for multi-junction (mj) cell. 
Thus, practically 80% (i.e. 1 — if) of solar radiation will 
be transformed into heat within the cell, and may be 
used for a heat-to-electric/mechanic energy conversion 
by the second stage of the hybrid system—a HTS. The 
total conversion efficiency of the hybrid system could 
be written as: 

'7totB = '/* + (l-'7*)'?HTS- ( 4 ) 

Here we have if = t)o(l — /?A7), AT = T h — T Ioom « 
Th — T c , ( T c is the lowest temperature of the HTs which 
is approximately equal to the ambient temperature 
Troom), and for the HTS we consider, as in part “2A”, 
that it is proportional to the Carnot engine efficiency: 
r, ms =KAT/T h , this gives the expression for the total 
conversion efficiency: 

7,o,b = i7 0 (l - fAT) + [1 - , /0 (l - pAT)]KAT/T b . (5) 

Fig. 4 shows the calculated results for the hybrid system 
with the two cells mentioned above; the temperature 



Fig. 4. Calculated temperature dependences of the PV cell 
efficiency (squares, triangles) and of the total hybrid system 
efficiency in case of the heat engine as HTS (circles, diamonds) 
and the TEG (three intermediate curves, ZT = 1, 2, 4). 






174 


Yu. Vorobiev et al. / Solar Energy 80 (2006) 170—176 


dependence of the cell efficiency is shown by squares and 
triangles. The total efficiency is represented by the curves 
with circles and diamonds (circles for single junction 
cell, diamonds for multi-junction cell, K = 0.8). One 
could see that the second stage gives a significant boost 
in total efficiency for relatively modest values of AT, and 
the total efficiency could be as high as 35^40%. 


3. Thermoelectric generator as a high temperature 
stage 

The thermoelectric and photovoltaic are two direct 
methods for solar energy conversion, so it is natural to 
combine these two methods in a hybrid system. It is also 
important to notice that both of these methods are 
highly reliable and corresponding devices could work 
10-30 years practically without much technical problems 
(see Rowe, 1995; Bulat et al., 2002) which unfortunately 
do not apply for heat engines. 

3.1. The TEG efficiency 


The efficiency of a thermoelectric generator TEG is 
determined by the so called thermoelectric figure of mer¬ 
it, Z: 


Z 


P K ’ 


( 6 ) 


where p is the electric resistivity, k the thermal con¬ 
ductivity and ot the thermo-emf coefficient of the thermo¬ 
electric material (semiconductor) used. A modern 
thermoelectric module (a unit of a thermoelectric con¬ 
verter) consists of a number of alternate n- and p-type 
semiconductor branches connected in series (a battery). 
They are electrically connected in series with metallic 
connection strips, sandwiched between two electrically 
insulating and thermally conducting ceramic plates to 
form a module. So, any TEG contains two different 
materials (corresponding indexes “1” and “2”), and 
the optimized figure of merit for a module can be written 
in the form (Rowe, 1995; Bulat et al., 2002): 


Zn = 


(<*i - a 2 ) 2 




( 7 ) 


The efficiency of TEG can be characterized in two 
ways: 


1. Efficiency corresponding to the classic condition of 
the maximum power output R = r (the external elec¬ 
tric resistance R equal to the TEG internal resistance 

r): 


'll = V o 



+ 2 - 



( 8 ) 


2. Since the thermoelectric devices (same as the photo¬ 
voltaic ones) are not characterized by a constant 
internal resistance, there is another condition for 
the maximum TEG efficiency corresponding to the 
relation (R/r) opt = M = V1 + Z 0 T M , where T M is 
the average temperature T M = 0.5(r h + T c ). In this 
case: 


0 in ;i x 


= ho 


M - 1 


( 9 ) 


The coefficient )/ 0 = Tk ~ T ° = A T/T h in (8) and (9) is the 
ideal thermodynamic efficiency of a heat engine (the 
Carnot efficiency). Usually ;; max is a little higher than 
> 7 i; as a rule, the difference between the values of the 
TEG efficiency given by the two expressions above 
does not exceed 4% (Rowe, 1995). Our purpose is to 
estimate the highest efficiency of the hybrid system, 
therefore we use for calculations expression (9). 


3.2. Thermoelectric materials 

To proceed with calculations, we have to specify a va¬ 
lue for the figure of merit Z. It is necessary to point out 
that Z for semiconductors depends on temperature, and 
the different kinds of semiconductor materials should be 
selected for different operating temperatures. The com¬ 
mercial thermoelectric materials can be divided in the 
following groups depending on the operating tempera¬ 
ture (Rowe, 1995; Bulat et al., 2002): 

• for temperatures up to 500 K, solid solutions based 
on bismuth telluride (Bi 2 Te 3 , Bi 2 Te 3 -Bi 2 Se 3 ); 

• for temperatures up to 800 K, the PbTe; 

• for space applications (T> 900 K), a solid solutions 
based on Ge-Si. 

In the present days the main challenge for the ther¬ 
moelectric material research is to increase Z. Despite 
of the efforts of many research groups in different coun¬ 
tries, during the years 1950-2000 (Bulat et al., 2002), a 
marginal increase from —0.75 to 1.0 was only achieved 
in the room temperature value of the dimensionless ther¬ 
moelectric coefficient ZT. But significant progress in the 
field has been made during the last few years in various 
aspects in this field, for instance: 

(1) The use of new physical ideas in nano-scale micro¬ 
structures, such as a high quality 2D quantum superlat¬ 
tice with nano-scale films based on p-Bi 2 Te 3 /Sb 2 Te 3 
having ZT = 2.4 at room temperature, obtained by 
Venkatasubramanian et al., 2001; Venkatasubramanian, 
2001. A nanostructured material with quantum dots (ID 
structure) based on PbSeTe has the value of ZT = 2.0 at 
room temperature (Harman et al., 2002). The increase of 
the figure of merit was also obtained in a special struc¬ 
ture with cold points (like contacts between a plate 
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and edge of a cone). The measured figure of merit of 
the last structure based on p-Bio.sSbj 5 Te 3 and n-Bi 2 - 
Te 2 . 9 Se 0 .i corresponds to ZT = 1.7 at room temperature 
( Ghoshal et al., 2002; Ghoshal, 2002). 

(2) Along with semiconductor TEG there exist 
thermionic devices that also can be used for direct gen¬ 
eration of electricity. However, the traditional therm¬ 
ionic converters work only at very high temperatures 
(above 800), necessary for electrons to overcome the po¬ 
tential barrier. But recently a new theoretical approach 
has been offered (Hishinuma et al., 2001) for a therm¬ 
ionic converter with a barrier thickness of nanometric 
dimensions; in this case electrons can overcome the po¬ 
tential barrier by quantum tunneling. Apparently such 
thermotunnel converter has been realized, and a 
ZT = 4 product for this thermoelectric converter was re¬ 
ported (Tavkhelidze et al., 2002). 

(3) Another option is the application of some new 
bulk thermoelectric materials, for instance the so called 
skutterrudites and clathrates. It was shown that the ther¬ 
mal conductivity can be reduced in these materials ( Cail- 
lat et al., 2001), therefore the figure of merit will 
increase. The examples of skutterrudites are CoSb 3 (n- 
type) and Zn 4 Sb 3 (p-type) and of the clathrates—Co- 
Fe 4 Sbi 2 . These materials have good figure of merit in 
a wide temperature range and therefore can be used 
for TEGs. 

Thus for the calculation of the efficiency of hybrid 
system in the temperature range 300-600 K, we can 
use the following thermoelectric data: ZT = 1, a value 
found in modern industrial thermoelectrics; ZT = 2, rea¬ 
sonable value for thermoelectrics produced in laborato¬ 
ries (nano-scale microstructures), and ZT = 4, the value 
reported for thermionic converter with quantum 
tunneling. 

3.3. Hybrid system with TEG 

In the case of the hybrid system “A” with separation 
of “thermal solar radiation”, we present only results for 
the highest ZT value (intermediate curves in Fig. 3A and 
B) obtained by introducing the calculated values of i/ max 
(9) in expression (3) instead of the heat engine efficiency 
KAT/T h . It can be seen that in both cases (AMO and 
AM 1.5), for the band gap values corresponding to the 
most widely used PV cell materials, the total efficiency 
of this hybrid system with the TEG is around 30%, with 
an additional efficiency increase of about 5-10%, due to 
the TEG. 

For the system "B” with PV cell operating at high 
temperature and having the TEG as the HTS, the calcu¬ 
lated results for the total efficiency, using Eq. (4), and 
7/max instead of ;/ H ts for three ZT values, are shown in 
Fig. 4. The PV cell is assumed to be of multi-junction 
type, with a room temperature efficiency of 30%; the cor¬ 
responding results for ZT =1,2 and 4 are shown in 


Fig. 4 by three descending curves starting with the effi¬ 
ciency of 30% at 300 K (the larger ZT, the upper curve). 
It is seen that the TEG has considerable elfect on the effi¬ 
ciency in all cases. 


4. Conclusion 

The thermal-photovoltaic solar (TPVS) hybrid sys¬ 
tems discussed here offer some unexplored possibilities 
to increase the efficiency of solar to electric energy con¬ 
version, and the analysis made could be a guide for the 
development of some new photovoltaic and thermoelec¬ 
tric devices. 
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